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The field at the focus of a short-pulse, high-power laser is so high that electrons oscillate at nearly the speed of light, giving rise to several interesting, and previously unstudied, effects. For instance, it produces extremely high laser pressure (called the ponderomotive force), which can drive a high-amplitude plasma "wake-field plasma wave," the basis for what is called the laser wake-field accelerator (LWFA). Essentially, the laser pulse pushes the electrons out of its way, but the ions-because of their much heavier mass-pull them back, setting up a plasma wave oscillation. In this way, the plasma wave effectively rectifies the laser electromagnetic field so that becomes an electrostatic field propagating in the direction of the light pulse at nearly the speed of light. This can continuously accelerate electrons to GeV energies in a centimeter distance. Laser accelerators may produce a new generation of compact ultrashort duration high-energy photon sources.
We have recently demonstrated that a laser wake field can produce a collimated beam of MeV electrons and that the laser may have been guided by relativistic selffocusing and electron cavitation. The experiment is remarkably simple. A highpower laser is focused into a molecular beam produced by a gas jet. The laser used in the experiment has a pulse duration of T = 400 fs, and an energy up to 10 J, corresponding to a peak power of 25
TW. When focused in vacuum with anf/5
off-axis parabolic mirror, the laser can reach an intensity of up to 1019 W/cm', shown in Fig. la . To create the plasma, the gas from a pulsed valve is tunnel-ionked by the laser pulse itself, readring a peak electron density on axis of 10" an-3. The electron source size is estimated to be 10 pm and the electron pulse duration, a few picoseconds. Fig. lb is a photograph of the electron beam (all electrons with energies above an MeV) at a distance of 8 an from the jet. Greater than 10' electrons were observed to be accelerated.
There is also some evidence that relativistic self-focusing may have produced a laser intensity on axis of greater than Id0 W/an*, the highest laser intensity ever achieved. This arises from the mass change of the plasma electrons as they quiver in the laser field, which in turn changes the plasma frequency. Since the intensity is radially dependent, so then is the plasma refractive index, which acts as a positive lens. In the experiment, the onset of electron acceleration coincided with the predicted power threshold for self-focusing. Self-focusing also creates a self-guided channel, significantly increasing the distance over which the light would normally propagate (and thus over which the plasma wave can grow and the electrons can be accelerated). If the pulse is long enough, the electrons will eventually be expelled from the channel by the radial light pressure, which would also produce a radially dependent index of refraction, and thus can act to further guide the laser pulse, in a process called electron cavitation. Just such a density depression was observed on axis in the experiment. Soft x-ray lasers utilize as gain medium high density plasmas of small lateral dimensions,' in which refraction of the amplified x-ray radiation can result from electron density gradients.London2 has studied the beam optics of exploding foil x-ray lasers, which are well described by a model with a one-dimensional density gradient, assuming parabolic density profiles. Recently, large soft x-ray amplification was demonstrated for the first time in a plasma column created by a discharge? A fast capillary discharge was utilized to generate amplification in the J = 0 -1 h e of neon-like argon aat 46.9 nm by collisional electron excitation, by creating a hot plasma column of small diameter and cylindrical symmetry. The analysis of the soft x-ray beam propagation and amplification in such plasma column requires to take into account a two dimensional variation of the plasma parameters, which can be non parabolic. This new general definition of G, includes that defined by London' as a particular case. In general, for a cylindrical geometry, when G, > 2, the flux grows exponentially with an effective gain that is reduced by refraction f " the on-axis value go by a factor 1 -2/G,. On the other hand when G, e 2 refraction stops the exponential growth.
To illustrate the influence of the curvature of the density profile, calculations were performed using a set of cubic density profiles shown in Fig. la . The curves are labeled by the corresponding value of the parameter G, for go = 0.5 cm-'. In this example, the gain profile was assumed parabolic and kept the same for all the density profiles. The resulting on-axis output flux after numerical integration is shown in Fig. l We have also analyzed the effect of refraction on an amplifier approaching saturation. The saturation is commonly quantified in terms of the gain-length product necessary for saturation, a pa-IO 12 14 16 18 20 22 24 JTuF4 Fig. 2 Intensity in units of the saturation intensity as a function of the effective gain-length for two plasma columns having the same effective gain coefficient, but significant (a) and negligible (b) refraction.
Effrctk Q.ld.mgth rameter highly dependent on the geometry of the plasma column and on the effect of refraction. In two plasma columns with identical gain profiles but with and without significant refraction, it has been shown that the gain-length (G. = gJ) necessary for saturation increases when refraction is important,? as expected due to radiation being bent out of the gain region by refraction. However, f " the experimental point of view, the gain measured from the slope of the plot of intensity versus length is the effective gain gd = go(l -2/G,), readily obtainable from the experimental data. It is thus more useful in analyzing experimental results, to compute G. in terms of the effective gain, and not in terms of the maximum gain. The analysis shows that when comparing configurations having the same effective gain (shown in Fig. 2) , the effective gain-length necessary for saturation is shorter when refraction is important. This fact can be understood by considering that for equal effective gain, the maximum gain g,,, is higher for the refractive case than for the non-refractive case. The propagation is given in the moving frame of the wave amplitude A = A(r, t):
where p" = d'k/dw', nzlA 1' is the nonlinear refractive index, n, is the laser-generated plasma density, n, is the plasma critical density, and the right-hand side is a loss term as a result of field-dependent ionization. Therefore, self-focusing resulting from the atomic third order nonlineari v, plasma defocusing, group velocity dlspersion, and ionization loss are included. The plasma density is calculated using the tunnel ionization model A(r, 711 dr) ).
where n, is the total electron density, n, = n b + ne, and nb is the bound electron density. n2 also depends on ionization a(3) is the third-order nonlinear polarizability of air, no is the linear refractive index. The loss is calculated on the basis that each ionized electron takes mho k U, of energy from the laser pulse, U, being the ionization potential of the air molecule.
To numerically integrate Eq. (l), the split-step method was used to calculate separately the steps with and without dispersion. The steps with dispersion only used the fast Fourier transform algorithm. The step without dispersion used a semi-impliat algorithm, so the energy in the pulse (without loss) is conserved.
F i p 1 shows the pulse spatial and temporal intensity profiles at different distances. The IOO-fs, initially collimated Gaussian beam has a peak intensity Io = 10'' W/cm' and a radius wo = 2 mm. The beam starts to collapse approximately 4 m from the initial position to a radius w -40 p,m and a peak intensity I -7 x lox3 W/anz. This clamped intensity is because of ionization of the gas, and agrees quite well with experimentally measured values.' Note that the pulse also collapses temporally at the same position of the spatial collapse because of the intensity dependent self-focusing length (moving focus). After the initial collapse, the pulse splits temporally, as observed by earlier numerical studies with GVD included? The beam radius then oscillates as a result of the interplay between self-focusing and plasma defocusing. A combination of moving focus and the balancing between self-focusing and plasma defocusing can trap the beam over a long dis- 
